We report on the global temporal pulse characteristics of individual harmonics in an attosecond pulse train by means of photo-electron streaking in a strong low-frequency transient. The scheme allows direct retrieval of pulse durations and first order chirp of individual harmonics without the need of temporal scanning. The measurements were performed using an intense THz field generated by tilted phase front technique in LiNbO3. Pulse properties for harmonics of order 23, 25 and 27 show that the individual pulse durations and linear chirp are decreasing by the harmonic order.
INTRODUCTION
High order harmonic generation (HHG) [1] is an established technique for the formation of attosecond pulses [2, 3] which have been used for recording inner atomic electron dynamics on the sub-femtosecond time scale [4] . The HHG process ejects an attosecond burst every half cycle of the driving laser field which results in the formation of an attosecond pulse train (APT) as consequence of the coherent summation of individual bursts. In the frequency domain this translates to a regularly separated harmonic comb which eventually goes up to the keV photon energy range [5] .
Recently there is a raising number of frequencyselective applications which employ only one single individual harmonic of the comb. Examples include free electron laser seeding [6] [7] [8] , probing of ultrafast magnetic dynamics at the absorption edges [9] [10] [11] , as well as time-and angle-resolved photoemission spectroscopy (tr-ARPES) [12] . Those dynamics have a corresponding frequency bandwidth similar to the bandwidth of a specific individual harmonic and metrology on an individual harmonic in time turns therefore essential.
Here we present a temporal characterization of individual harmonics using the streaking technique [13] [14] [15] [16] with a strong Terahertz transient. This scheme comes along with the advantage that recording can be performed single-shot on a time window matching the entire temporal envelope of the entire APT. Presently different scanning techniques are regularly used for temporal characterization of APTs, among them RABBIT (reconstruction of attosecond beating by interference of two-photon transitions) [2] , FROG-CRAB (FrequencyResolved Optical Gating for Complete Reconstruction of Attosecond Bursts) [17] and PROOF (Phase Retrieval by Omega Oscillation Filtering) [18] . While those scanning techniques provide information about the relative delay between the harmonics (attochirp) and average pulse duration of two neighboring harmonics, information about the chirp and pulse duration of a single harmonic is not provided. The Terahertz streaking scheme presented here overcomes those shortages. While streaking with a few-cycle 800 nm pulse has been applied on a sub-femtosecond time window for reconstruction of an isolated attosecond pulse [19] , the Terahertz streaking scheme presented here is suitable for measuring the temporal shape of the entire, tens of femtosecond long APT. Terahertz streaking provides a quick characterization of the time structure of an individual harmonic as there is no need for scans. The scheme suits in particular the demands of low-repetition rate soft x-ray sources including plasma-based x-ray lasers, high-power HHG, SASE free electron lasers where single-shot characterization is essential.
THZ STREAKING
The measurement of the pulse duration is based on the formalism presented for the femto-and attosecond streak camera [19, 20] . The general principle of the streak camera is based on mapping the temporal characteristic of an X-ray beam onto the velocity distribution of an electron beam. In the following calculation atomic units are used unless specified. The energy distribution of the streaked electrons is given by [19] :
(1) Where d p(t) is the dipole transition element, E H (t) the X-ray pulse to be characterized, W the energy of the generated photoelectrons, and φ(t) the phase factor of the electronic wavefunction. Following [17] the phase term can be approximated to:
The approximations made in the phase factor set a working range where the conditions τ t ω s , U p W 0
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and cos ω s t ≈ 1 − ωst 2 must be fulfilled, with ω s being the angular frequency of the streaking field.
If we assume a Gaussian X-ray pulse
with τ the rms pulse duration and ξ the first order chirp then the length of the transform limited pulse is given byτ
Under these conditions the integral of Eq. (1) can now be solved analytically and we obtain
with s = ∂W ∂t the so called streaking speed, W 0 the energy of the unstreaked photoelectrons and σ 0 the rms spectral bandwidth of the unstreaked photoelectrons.
As shown in Eq. (5) the broadening produced under the effect of the streaking field depends on the pulse duration as well as on the chirp. By combining the measurement at two different positions of the streaking slope we can calculate directly both the pulse duration and the chirp using the following expressions:
whereσ + = σ 2 + − σ 2 0 is the de-convoluted spectral bandwidth with σ + (σ − ) the rms spectral bandwidth under a positive (negative) streaking.
To be able to retrieve the pulse duration a significant broadening with respect to the unstreaked spectrum needs to be observed ( sτ σ0 1). This condition settles the minimum pulse duration that can be retrieved. To be able to resolve shorter pulses higher streaking speed are necessary, however the approximations made in Eq.(2) limits the maximum ponderomotive potential for which an analytical solution exists (U p W 0 ). In our experiment we estimate a ponderomotive energy of the THz field of U p ≈ 1.2 eV, where as the measured kinetic energies of the photoelectrons are between 8 and 20 eV, fulfilling the previous condition.
EXPERIMENTAL SETUP
The experiment was performed using a Ti:Sapphire laser system (20 mJ, 100 Hz) with a pulse duration of 39 fs (rms). The laser pulse energy was split to operate synchronously the THz source (60%) as well as the high order harmonic generation (40%). A loose focusing geometry (f=3 m) is employed for HHG at high flux [8] . The laser waist (85 µm, 1 e 2 beam radius) was placed at the face of a 3 cm long unmodulated glass cell with 800 µm inner diameter. A solenoid-based valve situated at the center of the cell released bursts of argon with a backing pressure of up to 3 bar at the full repetition rate of the laser. Downstream the HHG beam is focused by a toroidal mirror (focal length of 4 m) into the detection zone of the streaking chamber installed at the end of the 6 meter long HHG beam line. Two 200 nm thick aluminum filters and a fused silica plate were used to separate the HH beam from the infrared laser.
THz radiation is produced directly next to the streaking chamber by optical rectification in an uncooled LiNbO 3 crystal. A tilted pulse front configuration was used to optimize for high power THz output [21] . This results in a 10 µJ pulse energy and a THz spectrum centered at 0.3 THz. After in-coupling into the streak camera the Terahertz radiation is overlapped collinearly with the HHG beam using a parabolic mirror (f=170 mm) with a central hole. The latter was equipped with a 5 mm central hole in order to let the HHG beam pass towards the interaction zone of the THz streak camera where both beams where focused and overlapped in time and space. Streaking field strength up to 100 kV/cm Fig.2 could be achieved at the gas jet position.
The streak camera (Fig.3) consists of two electron time-of-flight (e-tof) spectrometers oriented parallel to the electric field and placed at opposing sides of the gas jet. For this configuration the recorded signals of the two e-tofs are complementary as it allows the simultaneous retrieval of positively and negatively streaked electrons (Fig.2) . The typical energy resolution of the e-tof was 
FIG. 3.
Experimental layout with high-harmonic generated in a capillary followed by harmonic separation (silicon plate and Al filters) and a 1:1 toroidal mirror (17 cm parent focal length) focusing the APT into the gas jet located in the detection zone of the two opposing time of flight electron spectrometers.
around 1%. The photoelectrons were produced by singlephoton ionization of atomic helium by the HH beam. The gas was injected using a piezo controlled pulse valve with opening times typically around 20 µs with a backing pressure between 1 and 4 bars.
EXPERIMENTAL RESULTS
APT reconstruction requires knowledge about the THz streaking field. This characterization can be done either by conventional electro-optical sampling or, as we did it here, directly by recording the signal of the photoelectrons produced at different delays in the streak field (Fig.4) . Our measurement unveiled a THz field asymmetry between the leading and the trailing edge. This indicates a small chirp of the streaking pulse which could originate from pulse distortion due to absorption in air or from the generation process itself. To avoid inconsistencies we evaluated only the data from the leading edge where the highest streaking speed and highest temporal resolution is achieved .   FIG. 4 . Photoelectron spectra of individual harmonics generated in helium as function of the time delay between ATP and THz field. Higher order harmonics give rise to higher kinetic electron energies which leads to the observed energy separation of individual harmonics. In order to obtain a better resolution a finer time step was used around the peak of the THz pulse. Photoelectron spectra for harmonic 25 are shown in Fig.5 for the streaked and unstreaked configuration. A comparison of spectra recorded by the left and right e-tof, respectively, shows that the corresponding linewidths are differing slightly. According to equation (6) this entails a linear chirp of about 0.7 meV f s . For a more accurate retrieval of the pulse duration we have additionally performed a temporal scan around the maximum of the electric field (corresponding to the highest slope of the vector potential), and calculated the pulse duration and chirp for each delay. It can be observed (see Fig.6 ) how the retrieved pulse duration is only valid in the region of the electric field where the approximation made in Eq. (2) holds (Fig.6, grey area) . Outside this window the pulse characterization fails and the pulse duration is clearly overestimated. The pulse duration and chirp has been calculated as weighted average of the data inside of the evaluation window. The minimum pulse duration we are able to retrieve with the current configuration can be calculated by taking into account the linewidth of the unstreaked spectrum and the streaking speed.
In our case σ 0 = 0.25 eV and s = 0.02 eV f s results in a minimum pulse duration of about 15 fs (r.m.s). In these measurements, as expected from the highly nonlinear intensity-dependent HHG process, the pulse length for harmonics of increasing order (23,25 and 27) is decreasing from 36 to 31 and 27 fs (rms), respectively (see Table I ). This is in full agreement with the cut-off law of the HHG process itself.
We finally mention that the streaked and unstreaked photoelecton spectra are affected by the space charge forces producing an artificial broadening. Nevertheless, the streaking technique is not affected by spaces charge effects because the pulse reconstruction relies on the difference signal between the streaked and unstreaked spectrum, canceling out the effect of spaces charge effects which are present in both cases. is valid (grey area).
CONCLUSION
In summary we have shown that streaking of photoelectrons by a low-frequency Terahertz transient is suitable to measure the pulse duration of the individual harmonics of an attosecond pulse train. We have characterized the individual pulse length and chirp associated to the harmonics of order 23 to 27 generated in a loosefocusing configuration. The individual harmonic pulses are shown to present a linear chirp and pulse durations that decrease with the harmonic order. The transient streaking technique explored here is useful for experiments where the temporal profile of an individual harmonic is required, and for single-shot pulse shape characterization of sources where conventional pulse reconstruction schemes based on scanning are not applicable.
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